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(54) METHOD AND APPARATUS FOR CASTING MOLTEN METAL, AND CAST PIECE 



(57) The present invention provides a continuous 
casting method in which vibration is given to molten 
metal by a shifting magnetic field so that the equi-axed 
crystal ratio can be enhanced and the equi-axed crys- 
tals can be made fine without generating surface 
defects caused by powder trapping. Further, the present 
invention provides an apparatus to which the continu- 
ous casting method is applied. Furthermore, the 
present invention provides a cast slab produced by the 
above method and apparatus. The method of casting 
molten metal comprises the steps of: pouring molten 
metal into a moid and solidifying it in the mold while 
applying an electromagnetic force, which is generated 
by an electromagnetic coil arranged in the proximity of a 
molten metal pool in the mold, upon the molten metal; 
and vibrating the molten metal, which has been solidi- 
fied in the mold or is being drawn out downward from 
the moid while being cooled and solidified, by a shifting 
magnetic field generated by the electromagnetic coil so 
that the molten metal is accelerated by a high intensity 
and a low intensity of acceleration in a range not 
exceeding a predetermined flow velocity when the 
directional vectors of high acceleration and low acceler- 
ation in the same direction or in the opposite direction 
are combined with each other. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to a method of 
casting molten steel when molten steel is vibrated by 
the action of an electromagnetic coil. Also the present 
invention relates to a continuous casting apparatus for 
the method of casting molten steel and a cast slab 
which has been cast by the method and the apparatus. 
More particularly, the present invention relates to a 
method of casting molten steel, an apparatus for the 
method of casting molten steel and a cast stab which 
has been cast by the method and the apparatus, char- 
acterized in that: gas and powder trapping caused in 
molten metal in the process of solidification of the mol- 
ten metal in a mold can be prevented; cracks on a sur- 
face of the cast slab caused when the temperature is 
not uniform can be prevented; and further the inner 
structure of the cast slab can be made fine. 

DESCRIPTION OF THE PRIOR ART 

[0002] As a method for making a solidification struc- 
ture to be equi-axed crystal so that segregation caused 
in the process of solidification can be reduced, in contin- 
uous casting of steel, electromagnetic stirring is widely 
used. For example, this technique is disclosed in Japa- 
nese Unexamined Patent Publication (Kokai) No. 50- 
23338. It is possible to obtain an equi-axed structure 
when molten steel in the proximity of a solidification 
interface is forcibly given a fluidity by electromagnetic 
stirring so that prismatic dendrites can be cut apart. In 
order to enhance an equi-axed crystal ratio, various 
investigations have been made into the condition of 
electromagnetic stirring until now and segregation has 
been somewhat reduced. 

[0003] However, according to the conventional elec- 
tromagnetic stirring generated in a mold, an equi-axed 
crystal ratio by which a sufficiently high quality of prod- 
uct can be produced is not necessarily obtained in the 
case of producing a type of steel (for example, a type of 
steel, the carbon content of which is not more than 
0.1%) in which it is difficult to form an equi-axed crystal 
structure. In order to enhance the equi-axed crystal ratio 
of the above type of steel, in which it is difficult to form 
an equi-axed crystal structure, it can be considered to 
increase the thrust of electromagnetic stirring gener- 
ated in a mold. However, when this method is adopted, 
a surface velocity of molten steel in the mold is 
increased, and powder trapping is caused on the sur- 
face of molten steel. As a result, a defect is caused on 
the surface of the product. In some types of steel in 
which the occurrence of segregation is severely 
restricted, it is impossible to meet the demand of quality 
only when the equi-axed crystal ratio is enhanced. In 
these types of steel, the grain size of the equi-axed 
crystal structure must be made further fine. 



[0004] Conventionally, the following technique is 
reported, for example, the following technique is dis- 
closed in the United States Patent Publication No. 
5722480. Pulse waves, which are generated by turning 

5 on and off an electric current, are given in an alternating 
static magnetic field so that an electromagnetic force 
directed to the center of a mold side wall is generated. 
By this electromagnetic force, a lubricating effect and a 
soft contacting effect can be provided. However, accord- 

10 ing to the above method, the electric current is not 
always made to flow, and an acceleration of the vibrat- 
ing waves is not controlled. Japanese unexamined Pat- 
ent Publication (Kokai) No. 9-182941 discloses a 
method in which a stirring direction of the electromag- 

15 netic stirring is periodically inverted so that a downward 
flow cannot be developed and diffusion of inclusion to a 
tower portion can be prevented. However, according to 
this method, vibrating waves are not given onto the front 
solidified shell by a shifting magnetic field. Also, it is not 

20 a method in which acceleration is controlled so that the 
solidification structure can be made fine, inclusion can 
be eliminated for purification and the meniscus can be 
stabilized. 

[0005] Further, according to a method disclosed in 

25 Japanese Unexamined Patent Publication (Kokai) No. 
64-71557, an electromagnetic coil for generating a 
magnetic field to rotate molten metal on a horizontal 
surface is alternated so that it can exist in a static condi- 
tion. Therefore, a flow velocity of the meniscus is zero in 

30 this method. According to a method disclosed in Japa- 
nese Examined Patent Publication (Kokoku) No. 3- 
44858, in order to prevent V-segregation and porosity of 
a cast slab, in an electromagnetic stirring in which a cir- 
culation current is caused on a plane perpendicular to a 

35 direction in which a cast slab is drawn out, a stirring 
direction is inverted at intervals of 10 to 30 seconds. 
According to a method disclosed in Japanese Unexam- 
ined Patent Publication (Kokai) No. 54-125132, the 
casting temperature is prescribed for preventing ridging 

40 of stainless steel and, in order to prevent positive and 
negative segregation caused in electromagnetic stir- 
ring, a ratio of two electric currents, the phases of which 
are different from each other, is prescribed, and a direc- 
tion of electric current is switched and an electric current 

45 is made to flow in a predetermined direction for 5 to 50 
seconds. 

[0006] Further, according to Japanese Unexamined 
Patent Publication (Kokai) No. 60-102263, in order to 
prevent the occurrence of defects caused in casting 
so steel of 9%-Ni which is used for a thick plate at low tem- 
peratures, alternating time of electromagnetic stirring is 
set at 1 0 to 30 seconds. 

[0007] In the above techniques, alternating stirring is 
conducted in a relatively long period. That is, the above 
55 techniques are entirely different from a technique in 
which vibrating waves are given onto the front solidified 
shell by a shifting magnetic field and acceleration of the 
vibrating waves is controlled. 
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[0008] Therefore, it is desired to develop a new tech* 
nique by which the above problems are solved, the 
solidification structure is made fine, inclusion is purified 
and further the meniscus is stabilized. 

5 

SUMMARY OF THE INVENTION 

[0009] An object of the present invention is to solve 
the above problems caused in the conventional electro- 
magnetic stirring generated in a mold. That is, it is an 10 
object of the present invention to provide a continuous 
casting method in which vibration is given by a shifting 
magnetic field so that the equi-axed crystal ratio can be 
enhanced without the occurrence of surface defect 
caused by powder trapping and the equi-axed crystal is 
structure itself can be further made fine. Further, it is an 
object of the present invention to provide a continuous 
casting apparatus to which the above continuous cast- 
ing method is applied, and also it is an object of the 
present invention to provide a cast slab produced -by the 20 
above method and an apparatus. 
[0010] It is another object of the present invention to 
solve problems caused in the casting method in which 
an electromagnetic force is given to molten metal so 
that solidification of molten metal can be stabilized and 25 
the surface property of a cast slab can be improved. 
[0011] The summary for the present invention to 
accomplish the above objects is described as follows. 

(1) A method for casting molten metal comprising 30 
the steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
magnetic coil arranged in proximity to a molten 
metal pool in the mold, upon the molten metal; and 35 
vibrating the molten metal, which has been solidi- 
fied in the mold or is being drawn out downward 
from the mold while being cooled and solidified, by 

a shifting magnetic field generated by the electro- 
magnetic coil so that the molten metal is alternately 40 
given a high intensity and a low intensity of acceler- 
ation. 

(2) A method for casting molten metal comprising 
the steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 45 
magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal periodically, which has 
been solidified in the mold or is being drawn out so 
downward from the mold while being cooled and 
solidified, by a shifting magnetic field generated by 

the electromagnetic coil so that the molten metal is 
alternately given a high intensity and a low intensity 
of acceleration. 55 

(3) A method for casting molten metal comprising 
the steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
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magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal, which has been solidi- 
fied in the mold or is being drawn out downward 
from the mold while being cooled and solidified, by 
a shifting magnetic field generated by the electro- 
magnetic coil so that the molten metal is acceler- 
ated by a high intensity and a low intensity of 
acceleration in a range not exceeding a predeter- 
mined flow velocity when the directional vectors of 
high acceleration and low acceleration in the same 
direction or in the opposite direction are combined 
with each other. 

(4) A method for casting molten metal comprising 
the steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal periodically in the one 
direction and the opposite direction, which has 
been solidified in the mold or is being drawn out 
downward from the mold while being cooled and 
solidified, by a shifting magnetic field generated by 
the electromagnetic coil. 

(5) A method for casting molten metal according to 
any one of items (1) to (4), wherein a process con- 
ducted in the mold is a cooling and solidifying proc- 
ess, and also the process conducted in the mold is 
a continuous casting process for continuously cast- 
ing a slab, bloom, slab of medium thickness, or bil- 
let 

(6) A method for casting molten metal according to 
any one of items (1) to (5), wherein a high intensity 
of acceleration of the vibrating waves in the one 
direction and the opposite direction is not lower 
than 10 cm/s 2 and a low intensity of acceleration of 
the vibrating waves in the one direction and the 
opposite direction is lower than 10 cm/s 2 . 

(7) A method for casting molten metal according to 
item (6), wherein an acceleration and an accelera- 
tion time of the vibrating waves in the one direction, 
or an acceleration and an acceleration time of the 
vibrating waves in the opposite direction, and a 
coefficient of acceleration time (acceleration x 
acceleration time) satisfy the following expression. 

50 cm/s <, coefficient of acceleration time 

(8) A method for casting molten metal according to 
item (6), wherein an acceleration and an accelera- 
tion time of the vibrating waves in the one direction, 
or an acceleration and an acceleration time of the 
vibrating waves in the opposite direction, and a 
coefficient of acceleration time (acceleration x 
acceleration time) satisfy the following expressions. 
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10n <, coefficient of acceleration time 
r\ : viscosity cp of molten metal 

(9) A method for casting molten metal according to 
item (6), wherein a relation between carbon content 5 
C and acceleration satisfies the following expres- 
sions. 

[C] < 0.1% : 30 cm/s 2 < acceleration 

0.1% < [C] < 0.35 % : -80[C] + 38 cm/s 2 <> 10 

acceleration 

0.35% <> [C] < 0.5 % : 133.3[C] - 36.7 cm/s 2 <, 
acceleration 

0.5% <, [C] : 30 crn/s 2 <, acceleration 

15 

(10) A method for casting molten metal according to 
any one of items (1) to (5), wherein an acceleration 
stop time or an electric power stop time, the period 
of which is not more than 0.3 sec and not less than 
0.03 sec, is provided in the process of acceleration 20 
in the one direction and in the process of accelera- 
tion in the opposite direction. 

(1 1 ) A method for casting molten metal according to 
item (6), (7), (8) or (9), wherein an acceleration stop 
time or an electric power stop time, the period of 2s 
which is not more than 0.3 sec and not less than 
0.03 sec, is provided in the process of acceleration 

in the one direction and also in the process of accel- 
eration in the opposite direction. 

(1 2) A method for casting molten metal according to 30 
item (6), (7), (8) or (9), wherein acceleration is gen- 
erated for t1 , subsequently a constant flow velocity 

is kept for t2, next acceleration is generated in the 
opposite direction for 13 and thereafter a constant 
flow velocity is kept for t4 in one period, and molten 35 
metal in the mold is periodically vibrated by repeat- 
ing this period, and a vibration time t1 + 12 + 13 + 14 
in one period is determined to be not less than 0.2 
sec and less than 10 sec. 

(1 3) A method for casting molten metal according to 40 
any one of items (1) to (8) or item (9), wherein the 
molten metal is periodically vibrated, and a rotating 
flow in the one direction and the opposite direction 

is given to the molten metal. 

( 1 4) A method for casting molten metal according to 45 
item (13), characterized in that: when integration is 
generated for a certain period of time, the expres- 
sion of integrated value of (acceleration time x 
acceleration) in the one direction > integrated value 

of (acceleration time x acceleration) in the opposite so 
direction is satisfied; and an average rotating flow 
velocity caused by the difference between the inte- 
grated values is not more than 1 m/s. 

(1 5) A method for casting molten metal according to 
item (13), wherein acceleration of the molten metal 55 
in the mold is conducted for t1 , subsequently a con- 
stant flow velocity is kept for t2, next acceleration is 
generated in the opposite direction for t3 and there- 
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after a constant flow velocity is kept for 14 in one 
period, molten metal in the mold is periodically 
vibrated by repeating the period, t1a is a time until 
the vibrating flow velocity becomes zero in time t1 , 
Mb is a time after the vibrating flow velocity 
becomes zero in time M, an expression of 
Mb + 12 > t4 + tla is satisfied, and a rotating flow 
velocity in one direction caused by the difference in 
time is not more than 1 m/s. 

(16) A method for casting molten metal according to 
item (13), wherein vibration is periodically given in a 
period of n cycles, a rotating flow is generated by 
giving acceleration only in a predetermined direc- 
tion for the rotating time ATv after the vibration, and 
an average rotating flow velocity, number n of 
cycles and rotating time ATv satisfy the following 
expressions. 

Average rotating flow velocity < 1 m/s 
1 <> number n of cycles << 20 
0.1 ^ rotating time ATv ^ 5 sec 

(1 7) A method for casting molten metal according to 
item (13), wherein a rotating flow is generated by 
increasing an acceleration in the one direction to be 
larger than an acceleration in the opposite direc- 
tion, and an average rotating flow rate is not more 
than 1 m/s. 

(18) A method for casting molten metal according to 
item (13), wherein an electric current for rotation 
generating a rotating flow in one direction is further 
superimposed on an electric current during vibra- 
tion by an electric current of the electromagnetic 
coil for generating a shifting magnetic field so that 
an average rotating flow velocity can be not more 
than 1 m/s. 

(1 9) A method for casting molten metal according to 
any one of items (1) to (9), wherein the molten 
metal is periodically vibrated, and vibration of a 
short period is further added, and the frequency of 
the vibration of this short period is not less than 100 
Hz and not more than 30 KHz. 

(20) A method for casting molten metal according to 
any one of items (6) to (9), wherein an electromag- 
netic coil is arranged in the mold or in the proximity 
of the molten metal pool in the mold when molten 
metal is poured into and solidified in the mold, the 
molten metal in the mold is periodically vibrated in 
the one direction and the opposite direction by a 
shifting magnetic field generated by the electro- 
magnetic coil, and an electromagnetic brake, which 
is arranged in a range from the meniscus to a posi- 
tion under the mold distant by 1 m, is applied. 

(21) A method for casting molten metal according to 
item (11), wherein an electromagnetic coil is 
arranged in proximity to the molten metal pool in the 
mold when molten metal is poured into and solidi- 
fied in the mold, the molten metal in the mold is 
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periodically vibrated in the one direction and the 
opposite direction by a shifting magnetic field gen- 
erated by the electromagnetic coil, and an electro- 
magnetic brake, which is arranged at a position 
under the moid distent from the meniscus by 1 m, is $ 
applied being synchronized with time at which 
acceleration of the electromagnetic coil is stopped 
in the mold er being synchronized with time at 
which an electric power source is stopped. 

(22) A method for casting molten metal according to w 
any one of items (6) to (15), wherein the electro- 
magnetic coil arranged in proximity to the molten 
metal pool in the moid is arranged in a range under 

the mold from right below the mold to a position dis- 
tant from the mold by 1 0 m. 15 

(23) A method for casting molten metal according to 
item (22), wherein an electromagnetic brake, which 
is arranged in a range from a position above the 
electromagnetic coil distant by 1 m to a position 
below the electromagnetic coil distant by 1. m, is 20 
applied. 

(24) A method for casting molten metal according to 
item (11), wherein the electromagnetic coil 
arranged in proximity to the molten metal pool in the 
mold is arranged in a range from a position right 25 
below the mold to a position under the mold distant 

by 10 m, and the electromagnetic brake arranged in 
a range from the meniscus to a position under the 
mold distant by 1 m is applied being synchronized 
with the time at which acceleration of the electro- 30 
magnetic coil is stopped in the mold or being syn- 
chronized with the time at which the electric power 
source is stopped. 

(25) An electromagnetic coil device used for any 
one of items (1) to (24), comprising: an electromag- 35 
netic drive device for periodically vibrating in the 
one direction and the opposite direction; and a con- 
trol unit for controlling the electromagnetic drive 
device. 

(26) An electromagnetic coil device used for one of 40 
items (1) to (24) comprising; an electromagnetic 
coil; and an electric power source for supplying an 
electric current to vibrate the electromagnetic coil 
periodically in the one direction and the opposite 
direction or a waveform generating device. 45 

(27) An electromagnetic coil device used for one of 
items (1) to (24), comprising: an electromagnetic 
drive device for vibrating molten metal periodically 
in the one direction and the opposite direction, the 
electromagnetic drive device having a function of so 
raising an electric current to a command value in 
the case of changing a vibrating direction; and an 
electric current control device for controlling the 
electric current. 

(28) An electromagnetic coil device comprising an ss 
electromagnetic drive device, a control device for 
controlling an electric current, and an electromag- 
netic brake used in any one of items (1) to (24). 
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(29) A cast slab having a negative segregation zone 
composed of a multilayer structure, the pitch of 
which is not more than 2 mm and the number of the 
layers of which is not less than three, a dendrite or 
a crystalline structure zone composed of a deflec- 
tion structure of a multilayer. 

(30) A cast slab having a negative segregation zone 
composed of a multilayer structure, the pitch of 
which is not more than 2 mm and the number of the 
layers of which is not less than three, a dendrite or 
a crystalline structure zone composed of a deflec- 
tion structure of a multilayer, wherein the thickness 
of the negative segregation zone, dendrite or crys- 
talline structure zone is not more than 30 mm. 

(31) A cast slab characterized in that: a corner point 
(C) of a central negative segregation line (m) of a 
negative segregation zone of an average profile of 
the negative segregation zone of a multilayer struc- 
ture is determined, or a virtual corner point (C) 
extrapolated from two adjoining sides of a central 
segregation line (m) of an arcuate negative segre- 
gation zone is determined; and parallel lines are 
drawn from points (E) on two adjoining sides, which 
are distant from the corner point to the inside of the 
cast slab by 5 mm, to the two adjoining sides, and a 
difference between shell thickness at a point of 
intersection (F) with the central segregation line (m) 
and shell thickness D 2 at the center in the cast slab 
width direction is not more than 3 mm. 

(32) A cast slab characterized in that: a corner point 
of a center line of dendrite or a crystalline structure 
zone of deflection structure of a multilayer, which 
has an average profile thereof, is determined, or a 
virtual corner point extrapolated from two adjoining 
sides of a center line of the arcuate dendrite or 
crystalline structure zone is determined; and paral- 
lel lines are drawn from points on the two adjoining 
sides, which are distant from the corner point to the 
inside of the cast slab by 5 mm, to two adjoining 
sides, and a difference between shell thickness D 1 
at a point of intersection with the central line and 
shell thickness D 2 at the center in the cast slab 
width direction is not more than 3 mm. 

(33) A cast slab characterized in that: a shape of 
the cast slab is circular; and fluctuation of shell 
thickness at a point on a central segregation line 
(m) of a negative segregation zone of an average 
profile of the negative segregation zone of a multi- 
layer structure is not more than 3 mm. 

(34) A cast slab characterized in that: a shape of 
the cast slab is circular; and fluctuation of shell 
thickness at a point of a center line of a dendrite or 
a crystalline structure of an average profile of a 
dendrite structure or a crystalline structure zone of 
a deflection structure of a multilayer is not more 
than 3 mm. 

(35) A cast slab provided when molten metal is 
poured into a mold and solidified while an electro- 
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magnetic force is applied to the molten metal by an 
electromagnetic coil arranged in the proximity of the 
mold according to item (31) or (33), the cast slab 
comprising a negative segregation zone composed 
of a multilayer structure formed in the inner circum- 
ferential direction of the mold having pitch P defined 
by the following expression (2) in a range of D 0 ± 15 
mm in the thickness direction with respect to solidi- 
fied shell thickness D 0 (mm) at the core center in 
the casting direction determined by solidified shell 
thickness D (mm) defined by the following expres- 
sion (1). 



D = k(L7V) 



n 



d) 



D: 
L: 

V: 
k: 
n: 



Solidified shell thickness 
Length from meniscus to core center of elec- 
tromagnetic coil 
Rate of casting 
Coefficient of solidification 
Constant 



P = U x t/2 

U: Rate of solidification (dD/dt (mm/s)) 
t: Period of vibration 



(2) 



(36) A cast slab according to one of items (31) to 
(35), the cast slab having an equi-axed crystal ratio 
of not less than 50% on the inside of a negative 
segregation zone composed of a multilayer struc- 
ture, on the inside of a dendrite or a crystalline 
structure zone composed of a multilayer-shaped 
deflection structure. 

(37) A cast slab provided when molten metal is 
poured into a mold and solidified while an electro- 
magnetic force is given to the molten metal by an 
electromagnetic coil arranged in the proximity of the 
mold according to item (32) or (34), the cast slab 
comprising a dendrite or a crystalline structure 
zone, the growing direction of which is regularly 
deflected, having pitch P defined by the following 
expression (2) in a range of Dq ± 1 5 mm in the thick- 
ness direction with respect to solidified shell thick- 
ness D 0 (mm) at the core center in the casting 
direction determined by solidified shell thickness D 
(mm) defined by the following expression (1). 



D = k(L/V) 



n 



0) 



D: 
L: 

V: 
k: 
n: 



Solidified shell thickness 
Length from meniscus to core center of elec- 
tromagnetic coil 
Rate of casting 
Coefficient of solidification 
Constant 



U: 
t: 



10 



Rate of solidification (dD/dt (mm/s)) 
Period of vibration 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



P = U xt/2 



(2) 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0012] 

Fig. 1 is a view showing an outline of an arrange- 
ment of an electromagnetic coil in a mold according 
to the present invention. 

Fig. 2(a) is a diagram for explaining a pattern of an 
electric current of an electromagnetic coil of the 
present invention. 

Fig. 2(b) is a diagram for explaining a pattern of a 
flow velocity of vibration on the front face of solidifi- 
cation. 

Fig. 3 is a graph showing a relation between a 
period of an electromagnetic coil current and an 
equi-axed crystal ratio. 

Fig. 4 is a graph showing a relation between a 
period of an electromagnetic coil current and an 
equivalent diameter of an equi-axed crystal circle. 
Fig. 5 is a diagram showing an example in which an 
acceleration stop time is provided, the period of 
which is not more than 0.3 sec and not less than 
0.03 sec during one direction and the opposite 
direction. 

Fig. 6 is a diagram showing an example in which an 
acceleration in the one direction is 100 cm/s 2 and 
an acceleration in the opposite direction is 50 
cm/s 2 . 

Fig. 7 is a schematic illustration showing an outline 
of thickness of a solidified shell at a core center in 
the casting direction of an electromagnetic coil. 
Fig. 8(a) is a view showing a typical example of a 
clear corner of a negative segregation zone of a 
cast slab of the present invention. 
Fig. 8(b) is a view showing a virtual corner in the 
case of an unclear negative segregation zone. 
Fig. 9 is a metallograph showing a clear corner of 
the negative segregation zone of Fig. 8. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0013] Fig. 1 is a view showing the very moment of 
rotation of molten metal in a mold when an electromag- 
netic field is applied upon the molten metal by an elec- 
tromagnetic coil of the present invention. In this 
connection, reference numeral 1 is an electromagnetic 
coil, reference numeral 2 is a side wall on the long side, 
reference numeral 3 is a side wall on the short side, and 
reference numeral 4 is an immersion nozzle. 
[0014] The first characteristic of the present invention 
is not only to rotate molten metal in the mold by gener- 
ating a shifting magnetic field by the electromagnetic 
coil of the mold, but the first characteristic of the present 
invention is also to give an acceleration in the one direc- 
tion and the opposite direction to molten metal by a 
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shifting magnetic field so that the molten metal can 
vibrate on the front solidified shell. Further, an accelera- 
tion of this vibrating waves is controlled. The above 
technique is applied to not only a continuous casting 
process but also an ingot process in which a stationary 5 
mold is used. In this embodiment a linear motor is used 
as the electromagnetic coil. However, the present inven- 
tion is not limited to the specific embodiment. As long as 
a shifting magnetic field can be generated, any mag- 
netic filed generating device may be used, that is, a w 
magnetic field generating device by which a linear mag- 
netic field is generated is not necessarily used. For 
example, a magnetic field generating device by which a 
rotary magnetic field is generated may be used, and any 
magnetic field generating device by which vibration can 75 
be given to molten metal in the one direction and the 
opposite direction may be used. 

[001 5] The second characteristic of the present inven- 
tion is that a load of the linear motor is increased in the 
one direction and the opposite rotation and an electric 20 
current is continuously supplied, so that a quick rise of 
the electric current can be accomplished. Due to the 
foregoing, an electromagnetic force can quickly reach a 
predetermined value. As a result, it becomes possible to 
control an acceleration given to molten metal in a wide 25 
range. 

[001 6] According to the above characteristics of the 
present invention, it is possible to remarkably enhance 
the inner quality and surface quality of a cast slab as fol- 
lows. Instead of rotation of molten metal generated by a 30 
conventional electromagnetic stirring, vibrating waves 
generated by a shifting magnetic field is given onto a 
front solidified shell while an acceleration is being con- 
trolled in the present invention. Due to the foregoing, a 
prismatic cutting force is increased, so that the solidified 35 
structure can be made further finer, and at the same 
time, the inner quality of slab can be much purified. Fur- 
ther, a change in the meniscus can be suppressed to as 
small as possible, that is, an influence given to the 
meniscus shape disturbance can be suppressed to as 40 
small as possible. In this way, the inner and surface 
quality of a cast slab can be remarkably improved. 
[0017] In general, a flow velocity of the conventional 
electromagnetic stirring conducted in continuous cast- 
ing is 20 to 100 cm/s. The present inventors made 45 
investigation into a mechanism of generation of equi- 
axed crystals generated by the electromagnetic stirring 
in the above flow velocity range. As a result of the inves- 
tigation, the following were made clear. Electromagnetic 
stirring has an effect of inclining a flow of prismatic den- so 
drite onto an upstream side, however, an effect of cut- 
ting a prismatic dendrite apart, which has been 
conventionally considered to be high until now, is not so 
high. Instead of the effect of cutting the prismatic den- 
drite apart, heat transmission between a solidified shell ss 
and molten steel is facilitated by the electromagnetic 
stirring. Therefore, overheating of molten steel is 
reduced, so that solidification cores can be easily 
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formed. On the basis of the above knowledge, the 
present inventors made further investigation into a 
method by which an effect of cutting the prismatic den- 
drite apart can be more remarkably enhanced as com- 
pared with the conventional method without impairing 
an effect of reducing overheat of molten steel when 
electromagnetic stirring is carried out. As a result of the 
investigation, the present inventors found the following. 
It is very effective that an electric current of the electro- 
magnetic coil is periodically changed as shown in Fig. 
2(a), so that vibrating waves, which reciprocate on the 
front face of solidification, are given to molten steel. Due 
to the foregoing, not only the equi-axed crystal ratio can 
be enhanced, but also the grain size of equi-axed crys- 
tals can be made fine. 

[0018] When an electric current of the electromag- 
netic coil is changed according to the pattern shown in 
Fig. 2(a), a flow velocity of vibration on the front solidi- 
fied shell follows the change in the electric current as 
shown in Fig. 2(b), wherein the curve shown in Fig. 2(b) 
becomes a little blunt compared with the curve shown in 
Fig. 2(a). In a region of t2 or t4 in which the flow velocity 
of vibration on the front solidified shell is constant, the 
vibration flow provides a small effect of cutting a pris- 
matic dendrite apart. However, in an one direction 
accelerating region t1 and in an opposite direction 
accelerating region t3. an acceleration is generated in a 
vibrating flow on the front solidified shell. Therefore, 
compared with a rotational flow of a constant flow veloc- 
ity, it is possible to give a very strong force to a prismatic 
dendrite. By the above effect, it is possible to remarka- 
bly enhance an effect of cutting the prismatic dendrite 
apart. Further, when the vibrating flow velocity on the 
front solidified shell is made to be the same as that of 
the conventional method in the region of t2, it is possible 
to provide an effect of reducing overheat of molten steel 
by facilitating a heat transmission between the solidifi- 
cation shell and molten steel. Since a sufficiently strong 
force to cut a prismatic dendrite apart is given onto the 
front solidified shell in the accelerating regions tl and t3, 
the present invention has an effect of cleaning by which 
inclusion is prevented from being caught by the front 
solidified shell. 

[0019] According to the conventional method, a large 
quantity of inclusion is caught by the surface layer of a 
cast slab, the solidification rate of which is high, and the 
degree of purification is deteriorated. However, accord- 
ing to the present invention, an average oxygen concen- 
tration in a region of 20 mm from the surface of a cast 
slab which was cast according to the present invention 
can be made lower than that of the inner portion of the 
slab. The rotating flow generated by the conventional 
electromagnetic stirring causes the following problems. 
The meniscus goes out of order. When the rotating flow 
velocity is increased in order to enhance an equi-axed 
crystal ratio, powder trapping is caused, and further the 
rotating flow collides with a side wall on the short side of 
the mold, so that a strong descending flow is continu- 
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ously generated. However, when the vibrating waves, 
which reciprocate on the front solidified shell, are given 
to molten steel, it is possible to prevent the occurrence 
of disturbance of the meniscus and powder trapping, 
and further it is possible to suppress an influence of the 5 
descending flow. Accordingly, casting can be stably 
conducted. 

[0020] In addition to that, when the rotating flow is 
superimposed on the vibrating waves, the purification of 
inclusion and the generation of cores can be further 10 
facilitated while a shape of the meniscus is stabilized. 
According to the conventional electromagnetic stirring, 
a negative segregation zone of solute elements is gen- 
erated. Therefore, it is impossible to ensure the quality 
of a cast slab. However, according to the present inven- is 
tion, the vibrating waves reciprocate on the front solidi- 
fied shell. Therefore, very thin negative segregation 
zones of a multilayer structure are generated. Accord* 
ingly, the negative segregation zones are dispersed, 
and the solidified structure can be made fine, and at the 20 
same time the negative segregation can be prevented. 
[0021] As shown in Figs. 8(a), 8(b) and 9, thin nega- 
tive segregation zones of a multilayer structure are uni- 
formly generated along the outer circumference of a 
cast slab at the same distance from the cast slab sur- 25 
face corresponding to the period of stirring. Accordingly, 
cracks can be prevented from proceeding on the cast 
slab surface, and further the oxidation of a grain bound- 
ary can be suppressed. In addition to that, a growing 
direction of prismatic crystals (dendrite) in a positive 30 
segregation zone located between the negative segre- 
gation zones is alternately changed for each positive 
segregation zone. Accordingly, compared with a cast 
slab in which prismatic crystals (dendrite) grow in one 
direction, the solidification structure is strong with 35 
respect to the occurrence of cracks. For the above rea- 
sons, it is possible to produce a cast slab, the surface 
layer of which has a highly enhanced function, by the 
casting method of the present invention. 
[0022] Next, a coefficient of acceleration time will be 40 
explained below. When consideration is given to a 
material point in a liquid state, concerning a material 
point movement, it can be said as follows by the law of 
dynamics. "Concerning a momentum of a material point 
in a predetermined period of time, its change is equal to 45 
an impulse of an acting force and a period of time in 
which the force acts." therefore, it is possible to apply 
the law to a change in the acting force in a vibrating con- 
dition. That is, (acceleration x acceleration time), which 
is a coefficient of acceleration time defined by the so 
present invention, can be used as a parameter of vibra- 
tion, that is, (acceleration x acceleration time) can 
express a change in the impulse or acting force which 
represents a state of vibration. Due to the foregoing, it is 
possible to control a state of vibration by adjusting a ss 
holding time (t2, t4) in the melting condition and an 
acceleration giving time (t1, t3) white the coefficient of 
acceleration time is used as a parameter. 



[0023] In order to provide an effect stably, vibration of 
the present invention, which reciprocates on the front 
solidified shell, has an appropriate period. An upper and 
a lower limit of the appropriate period are determined as 
follows. 

[0024] In order to give an acceleration uniformly in the 
circumferential direction of a cast slab, it is necessary to 
invert the accelerating direction in a period of time in 
which a boundary layer on the front solidified shell is not 
peeled off. This period of time is shorter than 5 seconds 
and was found by an experiment, and a vibrating time of 
one period, which will be referred to as a vibrating 
period hereinafter, is shorter than 10 seconds. 
[0025] On the other hand, in order to exhibit the effect 
of vibration in the casting direction of a cast slab, it is 
necessary to give at least one period of vibration while 
the cast slab is passing through the core portion of the 
electromagnetic coil. At this time, a period of vibration is 
not more than a value of (core length)/(casting speed). 
Therefore, the upper limit of the vibration period is 
determined by a condition in which casting operation 
can be stabilized in both the circumferential direction of 
the cast slab and the casting direction. The shorter of 
the periods becomes the upper limit of the vibration 
period. 

[0026] The present inventors found the following. Mol- 
ten steel on the front solidified shell is accelerated in 
vibration when the condition of (period of vibration) > 
2/(frequency of electromagnetic coil) is satisfied. A fre- 
quency of the electromagnetic coil for generating a shift- 
ing magnetic field is 1 0 Hz at most. Therefore, a lower 
limit of the period of vibration is not less than 0.2 sec. 
[0027] In the present invention, a flow velocity is 
obtained when a displacement of a reference point is 
differentiated by time, and an acceleration is obtained 
when the flow velocity is differentiated by time. The 
acceleration may be obtained when a flow velocity at 
the point of time when the flow velocity of vibration is 
zero is differentiated by time. Alternatively, the accelera- 
tion may be a value of (maximum vibration flow velocity 
- minimum vibration flow velocity)/t1 or (maximum vibra- 
tion flow velocity - minimum vibration flow velocity)/t3. 
The reference point is located at the center of the long 
side of the mold or at a point distant from the front solid- 
ified shell by 20 mm in front at the 1/4 width. Accelera- 
tion time of the coefficient of acceleration time is t1 or t3 
up to the acceleration range t1 , in which t1 is restricted 
by t3. An average rotation flow velocity is an average 
flow velocity obtained when the acceleration is multi- 
plied by the time and integrated with respect to the total 
time and the thus obtained value is averaged with 
respect to the time. In Fig. 2, the accelerating region (t1 , 
t3) is a high acceleration time, and the accelerating 
region (t2. t4), the absolute value of the acceleration of 
which is low, is a low accelerating region. 
[0028] Next, the cast slab of the present invention will 
be explained below. The first characteristic of the cast 
slab is that the cast slab has a negative segregation 
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zone composed of a multilayer structure, the pitch of 
which is not more than 2 mm and the number of the lay- 
ers of which is not less than three and that the thickness 
of the negative segregation zone is not more than 30 
mm. Concerning the negative segregation zone, there 5 
are two cases. One case is shown in Figs. 8(a) and 9 in 
which a comer of the negative segregation zone is clear 
with respect to a corner of the cast slab, and the other 
case is shown in Fig. 8(b) in which a corner of the neg- 
ative segregation zone is not clear with respect to a cor- 10 
ner of the cast slab. First, in the case shown in Fig. 8(a), 
a corner point (C) of a central negative segregation line 
(m) is determined in an average profile of a negative 
segregation zone of a multilayer structure. Parallel lines 
which are parallel to the adjoining two sides are drawn 1S 
from points (E) on the adjoining two sides distant from 
the corner point to the inside of the cast slab by 5 mm. 
A difference between the shell thickness D 1 at the point 
of intersection (F) with respect to the negative segrega- 
tion line (m) and the shell thickness D 2 at the center in 20 
the width direction of the cast slab is prescribed to be 
not more than 3 mm. 

[0029] In the case shown in Fig. 8(b). a virtual corner 
point (C) is determined which is extrapolated from the 
adjoining two sides of a central negative segregation 25 
line (m) of an arcuate negative segregation zone. Paral- 
lel lines which are parallel to the adjoining two sides are 
drawn from points (E) on the adjoining two sides distant 
from the corner point to the inside of the cast slab by 5 
mm. A difference between the shell thickness at the 30 
point of intersection (F) with respect to the central neg- 
ative segregation line (m) and the shell thickness D 2 at 
the center in the width direction of the cast slab is pre- 
scribed to be not more than 3 mm. 

[0030] In the same manner, a corner point of a center 35 
line of a dendrite or a crystalline structure zone of an 
average profile of the dendrite or the crystalline struc- 
ture zone of a deflection structure is determined, or a 
virtual corner point extrapolated from the adjoining two 
sides of the center line of the arcuate dendrite or the 40 
crystalline structure zone is determined, and a prescrip- 
tion is made in the same manner. 
[0031] On the other hand, with respect to a circular 
cast slab, fluctuation of the shell thickness at a point on 
a central segregation line (m) of a negative segregation 45 
zone of a multilayer structure, or fluctuation of the shell 
thickness at a point on a central segregation line (m) of 
an average profile of a dendrite of a segregation struc- 
ture or a crystalline structure zone is prescribed to be 
not more than 3 mm. so 
[0032] More specifically, a negative segregation zone 
of a multilayer structure, a dendrite of a deflection struc- 
ture or a crystalline structure zone is prescribed. That is, 
concerning-the negative segregation zone, a dendrite of 
a deflection structure or a crystalline structure, on the ss 
basis of a positional relation shown in Fig. 7, the cast 
slab comprises a negative segregation zone, a dendrite 
of a deflection structure or a crystalline structure zone 



composed of a multilayer structure formed in the inner 
circumferential direction of the mold having pitch P 
defined by the following expression (2) in a range of D 0 
±15 mm in the thickness direction with respect to solid- 
ified shell thickness D 0 (mm) at the core center in the 
casting direction determined by solidified shell thick- 
ness D 0 (mm) defined by the following expression (1). 



D = k(UV) n 



(1) 



D: 
L: 

V: 
k 
n: 



Solidified shell thickness 
Length from meniscus to core center of electro- 
magnetic coil 
Rate of casting 
Coefficient of solidification 
Constant (0.5 to 1 .0) 



U: 
t: 



P = U x t/2 

Rate of solidification (dD/dt (mm/s)) 
Period of vibration 



(2) 



[0033] In this connection, in the present invention, the 
installing position is not limited to a position inside the 
mold. As long as it is a position in the continuous casting 
machine and molten steel exists at the point, the 
present invention can be applied to any position in prin- 
ciple. 

[0034] In the present invention, molten metal is not 
limited to a specific metal. However, the present inven- 
tion will be explained here referring to the appended 
drawings in which the present invention is applied to 
steel. 

EXAMPLES 
EXAMPLE 1 

[0035] In this example, in order to make clear the influ- 
ence, of a vibration pattern which is generated by an 
electromagnetic coil, on the equi-axed crystal ratio and 
the grain size of equi-axed crystals, an experiment was 
made in which molten steel was poured into a mold hav- 
ing an electromagnetic coil, the frequency of which was 
10 Hz. In this experiment, molten steel of 50 kg, the car- 
bon content of which was 0.35%, was melted in a high 
frequency melting furnace and poured into a mold made 
of copper, wherein the width of the mold was 200 mm, 
the length was 100 mm and the height was 300 mm. 
Immediately after the molten steel had been poured into 
the mold, the molten steel was solidified while it was 
being vibrated in the mold by a predetermined vibrating 
pattern. After the completion of casting, the ingot was 
cut on a lateral section, so that the solidified structure 
was revealed outside. Then, an area ratio of an equi- 
axed crystal region (an equi-axed crystal area ratio) and 
a diameter of an equivalent circle of the equi-axed crys- 
tal region were evaluated. The vibrating pattern was 
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changed as follows. In Fig. 2, an electric current of the 
electromagnetic coil was set at 100 ampere at maxi- 
mum and -100 ampere at minimum. Coil current 
increasing time t1 in which an one direction acceleration 
is given, coil current decreasing time t3 in which an 5 
opposite direction acceleration is given, and minimum 
coil current holding time t4 were set at predetermined 
values. In this way. the vibrating pattern was changed. 
[0036] Fig. 3 is a view showing a relation between the 
period of a change in the coil current (t1 + 12 + 13 + 14 ) 
and the equi-axed crystal area ratio. When the vibrating 
period is reduced, the equi-axed crystal area ratio is 
increased. However, when the vibrating period 
becomes shorter than 0.2 second, the equi-axed crystal 
area ratio is suddenly decreased. The reason why is 
that the vibrating flow velocity on the front solidified shell 
cannot follow the coil current when the period of the coil 
current is decreased. Fig. 4 is a view showing a relation 
between the period of the electromagnetic coil current 
and the diameter of the equivalent circle of an equi-axed 
crystal region. When an absolute value of acceleration 
on the front solidified shell (because a value of acceler- 
ation becomes -10 cm/s 2 in the reverse side accelerat- 
ing region) is lower than 10 cm/s 2 , the diameter of an 
equivalent circle of an equi-axed crystal region does not 
depend upon the vibrating period. Therefore, it is impos- 
sible to obtain an effect of making the equi-axed crystals 
fine. However, when an absolute value of acceleration 
on the front solidified shell becomes a value not less 
than 10 cm/s 2 , it can be understood that the equi-axed 
crystals are made fine at a vibrating period of shorter 
than 10 seconds. The reason why an effect of making 
the crystals fine can not be obtained except for the 
above operating conditions is described as follows. 
When a value of acceleration of the vibrating flow veloc- 
ity on the front solidified shell is lower than 10 cm/s 2 , a 
force acting on the prismatic dendrite is weak, so that it 
is impossible to obtain an effect of making the crystals 
fine. When the vibrating period becomes a value not 
longer than 10 seconds, a boundary layer is peeled off 
on the front solidified shell, so that it becomes difficult 
for a cutting force generated by acceleration to act on 
the prismatic dendrite. From the above viewpoint, it can 
be understood that the vibrating condition for making 
the equi-axed crystals fine is more severe than the con- 
dition for enhancing the equi-axed crystal ratio. 
[0037] As a result, the following can be understood. In 
order to enhance the equi-axed crystal ratio and make 
the grain size of the equi-axed crystals fine, the period 
of the electromagnetic coil current is set at a value not 
shorter than 0.2 sec and shorter than 10 sec, and at the 
same time, the absolute value of acceleration on the 
front face of solidification is set at a value not less than 
10 cm/s 2 . 

[0038] In this connection, concerning the acceleration 
in the present invention, the effect depends upon the 
carbon content of molten steel. In the present invention, 
the acceleration is restricted as follows. When C < 0.1%, 



the acceleration is 30 to 300 cm/s 2 . When 0.1% ^ C £ 
0.35%, the acceleration is {80[C] + 38} to 300 cm/s 2 . 
When 0.35% <, C <; 0. 5%, the acceleration is {133.3[C] 
- 36.7} to 300 cm/s 2 . When 0.5% < C, the acceleration 
is 30 to 300 cm/s 2 . The reason why the upper limit is 
given here is that no confirmation was made in the 
experiment exceeding the above condition. 

[0039] The above knowledge was obtained by the 
experiment made by the present inventors when atten- 
tion was paid to a relation between the equi-axed crystal 
ratio and the carbon content. 

EXAMPLE 2 

[0040] In this example, a two-strand type continuous 
casting machine for continuously casting billets was 
used, and cast billets of 120 mm square made of carbon 
steel, the carbon content of which was 0.35%, were cast 
for 30 minutes at the casting speed of 1 .2 m/min. Tem- 
perature in a tundish was 1 530°C. In one of the strands, 
conventional electromagnetic stirring was generated, in 
which the coil current of the electromagnetic stirring 
device was set at a constant value of 200 ampere and 
the frequency was set at 10 Hz, for 30 minutes at the 
flow velocity of 60 cm/s. In the other strand, an electro- 
magnetic coil of the present invention capable of giving 
vibration was arranged in the mold, and molten steel on 
the front solidified shell was vibrated under the following 
conditions. Vibration time of one period of the coil cur- 
rent was 2 s (the maximum coil current was 200 
ampere, the minimum coil current was -200 ampere, the 
coil current increasing time was 0.8 s, the coil current 
decreasing time was 0.8 s, the maximum coil current 
holding time was 0.2 s, and the minimum coil current 
holding time was 0.2 s), and acceleration in the one 
direction and the opposite direction was given under the 
condition of 50 cm/s 2 as shown in Fig. 2. After a lateral 
section of the cast billet had been cut and the solidif ied 
structure had been revealed, the equi-axed crystal area 
ratio and the diameter of the equivalent circle of an equi- 
axed crystal region were evaluated. Concerning the sur- 
face quality of the cast billets, the cast slabs were sub- 
jected to a visual inspection line, so that each billet was 
visually inspected, and the number of defects caused by 
powder was investigated. 

[0041] Concerning the billets on which the conven- 
tional electromagnetic stirring was conducted, the equi- 
axed crystal ratio was 30%, and the diameter of the 
equivalent circle of an equi-axed crystal region was 3.0 
mm. The flow velocity of molten steel was 60 cm/s, 
which exceeded a critical flow velocity of powder trap- 
ping. Therefore, powder on the surface of molten steel 
was trapped, and the defects were caused by powder, 
the number of which was 5 pieces/billet. Further, there 
was formed a negative segregation zone, the width of 
which was approximately 20 mm, on the surface layer 
side of the lateral section of the cast billet. On the other 
hand, when vibration was given by the electromagnetic 
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coil of the present invention, the equi-axed crystal area 
ratio of Die cast billet was 50%, and the diameter of the 
equivalent circle of an equi-axed crystal region was 1 .3 
mm. Therefore, compared with the conventional electro- 
magnetic stirring, not only the equi-axed crystal area 5 
ratio was enhanced, but also the grain size of the equi- 
axed crystals was made fine. Since the molten steel on 
the front face of solidification in the mold was vtorated, 
powder trapping was not caused, and defects originated 
from powder were not caused. On the lateral face of the 10 
cast billet, a negative segregation zone of a multilayer, 
the pitch of which was 1.5 mm, was formed on the sur- 
face layer of 15 mm, and also a dendrite of deflection 
structure of a multilayer was formed. 

is 

EXAMPLE 3 

[0042] in this example, a two-strand type continuous 
casting machine for continuously casting slabs was 
used, and cast pieces of 250 mm thickness x 1500 mm 20 
width made of carbon steel, the carbon content of which 
was 0.35%, were cast for 30 minutes at the casting 
speed of 1.8 m/min. Temperature in a tundish was 
1550°C. In one of the strands, a conventional electro- 
magnetic stirring was generated, in which the coil cur- 25 
rent of the electromagnetic stirring device was set at a 
constant value of 500 ampere and the frequency was 
set at 2 Hz. for 30 minutes at the flow velocity of 60 
cm/s. In the other strand, an electromagnetic coil of the 
present invention capable of giving stirring was 30 
arranged in the mold. For 15 minutes in the first half of 
casting, molten steel on the front face of solidification 
was vibrated under the following conditions. Vfcrating 
time of one period of the coil current was 2 s (the maxi- 
mum coil current was 400 ampere, the minimum coil 35 
current was -400 ampere, the coil current increasing 
time was 0.8 s, the coil current decreasing time was 0.8 
s, the maximum coil current holding time was 0.2 s, and 
the minimum coil current holding time was 0.2 s), and 
acceleration in the one direction and the opposite direc- 40 
tion was given under the condition of 70 cm/s 2 as shown 
in Fig, 2. For 15 minutes in the second half of casting, 
the molten steel on the front solidified shell was vibrated 
under the following conditions. Vibrating time of one 
period of the coil current was 2.1 s (the maximum coil 45 
current was 400 ampere, the minimum coil current was 
-400 ampere, the coil current increasing time was 0.8 s, 
the coil current decreasing time was 0.8 s, the maxi- 
mum coil current holding time was 0.2 s, and the mini- 
mum coil current holding time was 0.2 s), the so 
acceleration stop time was 0.05 s in the acceleration in 
the one direction and opposite direction, and accelera- 
tion in the one direction and the opposite direction was 
given under the condition of 50 cm/s 2 as shown in Fig. 
5. After a lateral section of the cast slab had been cut ss 
and the solidified structure had been exposed, the equi- 
axed crystal area ratio and the diameter of the equiva- 
lent circle of an equi-axed crystal region were evalu- 
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ated. Concerning the surface quality of the cast slabs, 
the cast slabs were subjected to a visual inspection line, 
so thai each slab was visually inspected, and the 
number of defects caused by powder was investigated. 
Since vibration marks on the slab surface correspond to 
a shape of the meniscus, a difference in the levels of the 
vibration marks was investigated at the same time. 
[0043] Concerning the slabs on which the conven- 
tional electromagnetic vtoration was generated, the 
equi-axed crystal ratio was 30%. and the diameter of 
the equivalent circle of an equi-axed crystal region was 
3.0 mm. The flow velocity of molten steel was 60 cm/s, 
which exceeded a critical flow velocity of powder trap- 
ping. Therefore, powder on the surface of molten steel 
was trapped, and the defects were caused by powder, 
the number of which was 5 pieces/slab. Further, since 
the meniscus fell into disorder, the difference in the lev- 
els of the vibration marks was 3.5 mm. Furthermore, 
there was formed a negative segregation zone, the 
width of which was 20 mm, on the surface layer side of 
the lateral section of the slab. 

[0044] On the other hand, when vfcration was given by 
the electromagnetic coil of the present invention, irre- 
spective of the existence of the acceleration stop time, 
the equi-axed crystal area ratio of the slab was 50%, 
and the diameter of the circle equivalent to the equi- 
axed crystal region was 1.3 mm. Therefore, the equi- 
axed crystal area ratio of this example was superior to 
that of the conventional electromagnetic stirring, and 
further the grain size of the equi-axed crystals was 
made fine. Further, since the molten steel on the front 
face of solidification in the mold was vibrated, no pow- 
der trapping was caused, and no defects originated 
from powder were caused. On the lateral section of the 
cast slab, a negative segregation zone of a multilayer, 
the pitch of which was 1.5 mm corresponding to the 
period of vibration, was formed on the surface layer of 
15 mm, and also a dendrite of deflection structure of a 
multilayer was formed. Concerning the vibration mark, 
in the case of a slab in which the acceleration stop time 
was not provided, the vibration mark was 5 mm, and in 
the case of a slab in which the acceleration stop time 
was provided, the vibration mark was 3 mm. In both 
cases, the shape of the meniscus was made uniform 
compared with that of the conventional electromagnetic 
stirring. However, when the acceleration stop time was 
provided, the meniscus was made more uniform. The 
reason is that a sudden acceleration was reduced when 
the acceleration stop time was provided, so that the 
meniscus was made uniform. In the present invention, 
the acceleration stop time was set to be not more than 
0.3 sec and not less than 0.03 sec. The reason is 
described as follows. When the acceleration stop time is 
set to be more than 0.3 sec. an effect of acceleration is 
deteriorated, and when the acceleration stop time is set 
to be less than 0.03 sec, it becomes impossible to make 
the meniscus uniform. 
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EXAMPLE 4 

[0045] In this example, a two-strand type continuous 
casting machine for continuously casting slabs was 
used, and cast slabs of 250 mm thickness x 1500 mm s 
width made of carbon steel, the carbon content of which 
was 0.35%, were cast for 30 minutes at the casting 
speed of 1.8 m/min. Temperature in a tundish was 
1550°C. In one of the strands, a conventional electro- 
magnetic stirring was conducted, in which the coil cur- 10 
rent of the electromagnetic stirring device was set at a 
constant value of 500 ampere and the frequency was 
set at 2 Hz, for 30 minutes at the flow velocity of 60 
cm/s. In the other strand, an electromagnetic coil of the 
present invention capable of giving vibration was is 
arranged in the mold. Molten steel on the front face of 
solidification was vibrated under the following condi- 
tions. Vibrating time of one period of the coil current was 
2 s (the maximum coil current was 400 ampere, the min- 
imum coit current was -400 ampere, the coil current 20 
increasing time was 0.4 s, the coil current decreasing 
time was 0.8 s, the maximum coil current holding time 
was 0.3 s, and the minimum coil current holding time 
was 0.5 s) f and acceleration in the normal direction was 
set at 1 00 cm/s 2 , and acceleration in the opposite direc- 25 
tion was set at 50 cm/s 2 as shown in Fig. 6. After a lat- 
eral section of the cast slab had been cut and the 
solidified structure had been revealed, the equi-axed 
crystal area ratio and the diameter of the equivalent cir- 
cle of an equi-axed crystal region were evaluated. Con- 30 
cerning the surface quality of the cast slabs, the cast 
slabs were subjected to a visual inspection line, so that 
each slab was visually inspected, and the number of 
defects caused by powder was investigated. In addition 
to that, a microscopic examination was made for check- 35 
ing the number of pieces of inclusion on the surface 
layer of the slab. 

[0046] Concerning the slabs on which the conven- 
tional electromagnetic stirring was conducted, the equi- 
axed crystal ratio was 28%, and the diameter of the 40 
equivalent circle of an equi-axed crystal region was 3.1 
mm. The flow velocity of molten steel was 60 cm/s, 
which exceeded a critical flow velocity of powder trap- 
ping. Therefore, powder on the surface of molten steel 
was trapped, and the defects were caused by powder, 45 
the number of which was 6 pieces/slab. Further, there 
was formed a negative segregation zone, the width of 
which was approximately 20 mm, on the surface layer 
side of the lateral section of the cast slab. 
[0047] On the other hand, when vibration and rotation so 
according to a time difference in the normal and the 
reverse direction were given by the electromagnetic coil 
of the present invention, the equi-axed crystal area ratio 
of the cast slab was 55%, and the diameter of the equiv- 
alent circle of an equi-axed crystal region was 1 .3 mm. ss 
Therefore, compared with the conventional electromag- 
netic stirring, not only the equi-axed crystal area ratio 
was enhanced, but also the grain size of the equi-axed 



crystals was made fine. Since the molten steel on the 
front face of solidification in the mold was vibrated, pow- 
der trapping was not caused, and defects originated 
from powder were not caused, either. On the lateral sec- 
tion of the cast slab, a negative segregation zone of a 
multilayer, the pitch of which was 1.5 mm, was formed 
on the surface layer of 15 mm, and also a dendrite of 
deflection structure was formed. When vibration and 
rotation were simultaneously given to the molten steel 
by the electromagnetic coil, the prismatic dendrite was 
more effectively cut apart. Therefore, compared with 
Example 3 in which only vibration was given to the mol- 
ten steel, the equi-axed crystal ratio was enhanced in 
this example. In this connection, when rotation is added 
to vibration conducted in the molten steel, powder trap- 
ping can be suppressed by vibration, however, when a 
flow velocity of rotation exceeded 1 m/s, powder trap- 
ping was caused. Therefore, the flow velocity of rotation 
was restricted to be not more than 1 m/s. 

EXAMPLE 5 

[0048] In this example, a two-strand type continuous 
casting machine for continuously casting slabs was 
used, and cast slabs of 250 mm thickness x 1500 mm 
width made of carbon steel, the carbon content of which 
was 0.35%. were cast for 30 minutes at the casting 
speed of 1.8 m/min. Temperature in a tundish was 
1550°C In one of the strands, the conventional electro- 
magnetic stirring was conducted, in which the coil cur- 
rent of the electromagnetic stirring device was set at a 
constant value of 500 ampere and the frequency was 
set at 2 Hz, for 30 minutes at the flow velocity of 60 
cm/s. In the other strand, the electromagnetic coil of the 
present invention capable of giving vibration was 
arranged in the mold. Molten steel on the front face of 
solidification was vibrated under the following condi- 
tions. Vibrating time of one period of the coil current was 
2 s (the maximum coil current was 400 ampere, the min- 
imum coil current was -400 ampere, the coil current 
increasing time was 0.8 s, the coil current decreasing 
time was 0.8 s, the maximum coil current holding time 
was 0.2 s, and the minimum coil current holding time 
was 0.2 s), and acceleration in the one direction and the 
opposite direction was set at 50 cm/s 2 as shown in Fig. 
2. While the molten steel on the front face of solidifica- 
tion was being vibrated, a magnetic force was applied 
upon the molten steel by a static magnetic filed, the 
magnetic field intensity of which was 3000 gauss, by an 
electromagnetic brake arranged at a position lower than 
the meniscus by 1 m. After a lateral section of the cast 
slab had been cut and the solidified structure had been 
revealed, the equi-axed crystal area ratio and the diam- 
eter of the equivalent circle of an equi-axed crystal 
region were evaluated. Concerning the surface quality 
of the cast slabs, the cast slabs were subjected to a vis- 
ual inspection line, so that each slab was visually 
inspected, and the number of defects caused by powder 
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was investigated. 

[0049] Concerning the slabs on which the conven- 
tional electromagnetic stirring was generated, the equi- 
axed crystal ratio was 31%, and the diameter of the 
equivalent circle of an equi-axed crystal region was 2.9 s 
mm. The flow velocity of molten steel was 60 cm/s, 
which exceeded a critical flow velocity of powder trap- 
ping. Therefore, powder on the surface of molten steel 
was trapped, and the defects were caused by powder, 
the number of which was 4 pieces/slab. Further, there 10 
was formed a negative segregation zone, the width of 
which was approximately 20 mm, on the surface layer 
side of the lateral section of the cast slab. On the other 
hand, when vibration was given by the electromagnetic 
coil of the present invention and the electromagnetic is 
brake was applied, the equi-axed crystal area ratio of 
the cast slab was 56%, and the diameter of the equiva- 
lent circle of an equi-axed crystal region was 1.3 mm. 
Therefore, compared with the conventional electromag- 
netic stirring, not only the equi-axed crystal area ratio 20 
was enhanced, but also the grain size of the equi-axed 
crystals was made fine. Since the molten steel on the 
front solidified shell in the mold was vibrated, powder 
trapping was not caused, and defects originated from 
powder were not caused, either. On the lateral section 25 
of the cast slab, a negative segregation zone of a multi- 
layer, the pitch of which was 1 .5 mm, was formed on the 
surface layer of 1 5 mm, and also a dendrite of deflection 
structure was formed. When vibration caused by the 
electromagnetic coil was given together with the elec- 30 
tromagnetic brake, the equi-axed crystal ratio was 
enhanced as compared with that in Example 3 in which 
only vibration was given. The reason why the equi-axed 
crystal ratio was enhanced is that permeation of molten 
steel of high temperature into the inside of a cast slab 35 
was prevented by the electromagnetic brake, and the 
tesseral crystal cores, which had been generated by 
vibration of the electromagnetic coil, were prevented 
from being remelted. In this connection, when the accel- 
eration stop time is provided in the vibration generated 40 
by the electromagnetic coil, it is unnecessary to apply 
the electromagnetic brake continuously, that is, it is pos- 
sible to impress the electromagnetic brake synchro- 
nously with the acceleration stop time. 

45 

INDUSTRIAL APPLICABILITY 

[0050] As described above, according to the method 
of the present invention in which the vibration pattern is 
adjusted by the electromagnetic coil so as to give vibra- so 
tion to molten metal, it is possible to give a strong force 
onto the front solidified shell. Accordingly, compared 
with the conventional method, not only the equi-axed 
crystals can be increased but also the grain size of the 
equi-axed crystals can be made fine. Due to the above ss 
effects, it is unnecessary to increase the flow velocity 
too high for making the solidified structure fine. There- 
fore, it is possible to prevent the occurrence of surface 
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defects caused by powder trapping. 

[0051] In this connection, when the present invention 
is applied to a stationary mold, the inner structure of 
conventional material can be remarkably improved. 
Accordingly, the productivity and cost can be improved. 

Claims 

1. A method for casting molten metal comprising the 
steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal, which has been solidi- 
fied in the mold or is being drawn out downward 
from the mold while being cooled and solidified, by 
a shifting magnetic field generated by the electro- 
magnetic coil so that the molten metal is alternately 
given a high intensity and a low intensity of acceler- 
ation. 

2. A method for casting molten metal comprising the 
steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, Lpon the molten metal: and 
vibrating the molten metal periodically, which has 
been solidified in the mold or is being drawn out 
downward from the mold while being cooled and 
solidified, by a shifting magnetic field generated by 
the electromagnetic coil so that the molten metal is 
alternately given a high intensity and a low intensity 
of acceleration. 

3. A method for casting molten metal comprising the 
steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal, which has been solidi- 
fied in the mold or is being drawn out downward 
from the mold while being cooled and solidified, by 
a shifting magnetic field generated by the electro- 
magnetic coil so that the molten metal is acceler- 
ated by a high intensity and a low intensity of 
acceleration in a range not exceeding a predeter- 
mined flow velocity when the directional vectors of 
high acceleration and low acceleration in the same 
direction or in the opposite direction are combined 
with each other. 

4. A method for casting molten metal comprising the 
steps of: pouring molten metal into a mold and 
solidifying it in the mold while applying an electro- 
magnetic force, which is generated by an electro- 
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magnetic coil arranged in the proximity of a molten 
metal pool in the mold, upon the molten metal; and 
vibrating the molten metal periodically in the one 
direction and the opposite direction, which has 
been solidified in the mold or is being drawn out 
downward from the mold while being cooled and 
solidified, by a shifting magnetic field generated by 
the electromagnetic coil. 

5. A method for casting molten metal according to any 
one of claims 1 to 4, wherein a process conducted 
in the mold is a cooling and solidifying process, and 
also the process conducted in the mold is a contin- 
uous casting process for continuously casting a 
slab, bloom, slab of medium thickness, or billet. 

6. A method for casting molten metal according to any 
one of claims 1 to 5 t wherein a high intensity of 
acceleration of the vibrating waves in the one direc- 
tion and the opposite direction is not lower than. 10 
cm/s 2 and a low intensity of acceleration of the 
vibrating waves in the one direction and the oppo- 
site direction is lower than 10 cm/s 2 . 

7. A method tor casting molten metal according to 
claim 6, wherein an acceleration and an accelera- 
tion time of the vibrating waves in the one direction, 
or an acceleration and an acceleration time of the 
vibrating waves in the opposite direction, and a 
coefficient of acceleration time (acceleration x 
acceleration time) satisfy the following expression. 

50 cm/s < coefficient of acceleration time 

8. A method for casting molten metal according to 
claim 6, wherein an acceleration and an accelera- 
tion time of the vibrating waves in the one direction, 
or an acceleration and an acceleration time of the 
vibrating waves in the opposite direction, and a 
coefficient of acceleration time (acceleration x 
acceleration time) satisfy the following expressions. 

10t| < coefficient of acceleration time 
r\: viscosity cp of molten metal 

9. A method for casting molten metal according to 
claim 6, wherein a relation between carbon content 
C and acceleration satisfies the following expres- 
sions. 

[C] < 0.1% : 30 cm/s 2 ^ acceleration 

0.1% <; [C] < 0.35 % : -80[C] + 38 cm/s 2 <; 

acceleration 

0.35% <, [C] < 0.5 % : 133.3[C] - 36.7 cm/s 2 <> 
acceleration 

0.5% <, [C] : 30 cm/s 2 <> acceleration 

10. A method for casting molten metal according to any 



one of claims 1 to 5, wherein an acceleration stop 
time or an electric power stop time, the period of 
which is not more than 0.3 sec and not less than 
0.03 sec, is provided in the process of acceleration 
5 in the one direction and in the process of accelera- 
tion in the opposite direction. 

11. A method for casting molten metal according to 
claim 6, 7, 8 or 9, wherein an acceleration stop time 

10 or an electric power stop time, the period of which is 
not more than 0.3 sec and not less than 0.03 sec, is 
provided in the process of acceleration in the one 
direction and also in the process of acceleration in 
the opposite direction. 

15 

12. A method for casting molten metal according to 
claim 6, 7, 8 or 9, wherein acceleration is generated 
for t1 , subsequently a constant flow velocity is kept 
for t2 f next acceleration is generated in the opposite 

20 direction for t3 and thereafter a constant flow veloc- 
ity is kept for t4 in one period, and molten metal in 
the mold is periodically vibrated by repeating this 
period, and a vibration time t1 + 12 + 13 + 14 in one 
period is determined to be not less than 0.2 sec and 
25 less than 1 0 sec. 

13. A method for casting molten metal according to any 
one of claims 1 to 8 or claim 9. wherein the molten 
metal is periodically vibrated, and a rotating flow in 

30 the one direction and the opposite direction is given 
to the molten metal. 

14. A method for casting molten metal according to 
claim 13, characterized in that: when integration is 

35 generated for a certain period of time, the expres- 
sion of integrated value of (acceleration time x 
acceleration) in the one direction > integrated value 
of (acceleration time x acceleration) in the opposite 
direction is satisfied; and an average rotating flow 
40 velocity caused by the difference between the inte- 
grated values is not more than 1 m/s. 

15. A method for casting molten metal according to 
claim 13, wherein acceleration of the molten metal 

45 in the mold is generated for t1 , subsequently a con- 
stant flow velocity is kept for t2, next acceleration is 
generated in the opposite direction for t3 and there- 
after a constant flow velocity is kept for t4 in one 
period, molten metal in the moid is periodically 

so vibrated by repeating the period, t1a is a time until 
the vibrating flow velocity becomes zero in time 1 1 , 
t1b is a time after the vibrating flow velocity 
becomes zero in time t1, an expression of 
t1b + 12 > t4 + t1a is satisfied, and a rotating flow 

55 velocity in one direction caused by the difference in 
time is not more than 1 m/s. 

16. A method for casting molten metal according to 
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claim 13, wherein vibration is periodically given in a 
period of n cycles, a rotating flow is generated by 
giving acceleration only in a predetermined direc- 
tion for the rotating time ATv after the vibration, and 
an average rotating flow velocity, number n of 5 
cycles and rotating time ATv satisfy the following 
expressions. 

Average rotating flow velocity < 1 m/s 

1 <> number n of cycles <> 20 10 

0.1 < rotating time ATv ^ 5 sec 

17. A method for casting molten metal according to 
claim 13, wherein a rotating flow is generated by 
increasing an acceleration in the one direction to be is 
larger than an acceleration in the opposite direc- 
tion, and an average rotating flow rate is not more 
than 1 m/s. 

18. A method for casting molten metal according to so 
claim 13, wherein an electric current for rotation 
generating a rotating flow in one direction is further 
superimposed an electric current during vibration 

by an electric current of the electromagnetic coil for 
generating a shifting magnetic field so that an aver- 2s 
age rotating flow velocity can be not more than 1 
m/s. 

1 9. A method for casting molten metal according to any 
one of claims 1 to 9, wherein the molten metal is 30 
periodically vibrated, and vibration of a short period 

is further added, and the frequency of the vtoration 
of this short period is not less than 100 Hz and not 
more than 30 KHz. 

35 

20. A method for casting molten metal according to any 
one of claims 6 to 9, wherein an electromagnetic 
coil is arranged in the mold or in the proximity of the 
molten metal pool in the mold when molten metal is 
poured into and solidified in the mold, the molten 40 
metal in the mold is periodically vibrated in the one 
direction and the opposite direction by a shifting 
magnetic field generated by the electromagnetic 
coil, and an electromagnetic brake, which is 
arranged in a range from the meniscus to a position 45 
under the mold distant by 1 m, is applied. 

21. A method for casting molten metal according to 
claim 11, wherein an electromagnetic coil is 
arranged in the proximity to the molten metal pool in so 
the mold when molten metal is poured into and 
solidified in the mold, the molten metal in the mold 

is periodically vibrated in the one direction and the 
opposite direction by a shifting magnetic field gen- 
erated by tine electromagnetic coil, and an electro- ss 
magnetic brake, which is arranged at a position 
under the mold distant from the meniscus by 1 m, is 
applied being synchronized with time at which 
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acceleration of the electromagnetic coil is stopped 
in the mold or being synchronized wfth time at 
which an electric power source is stopped. 

22. A method for casting molten metal according to any 
one of claims 6 to 15, wherein the electromagnetic 
coil arranged in proximity to the molten metal pool 
in the mold is arranged in a range under the mold 
from right below the mold to a position distant from 
the mold by 10 m. 

23. A method for casting molten metal according to 
claim 22, wherein an electromagnetic brake, which 
is arranged in a range from a position above the 
electromagnetic coil distant by 1 m to a position 
below the electromagnetic coil distant by 1 m, is 
applied. 

24. A method for casting molten metal according to 
claim 1 1 , wherein the electromagnetic coil arranged 
in proximity to the molten metal pool in the mold is 
arranged in a range from a position right below the 
mold to a position under the mold distant by 10 m, 
and the electromagnetic brake arranged in a range 
from the meniscus to a position under the mold dis- 
tant by 1 m is applied being synchronized with the 
time at which acceleration of the electromagnetic 
coil is stopped in the mold or being synchronized 
with the time at which the electric power source is 
stopped. 

25. An electromagnetic coil device used for any one of 
claims 1 to 24. comprising: an electromagnetic 
drive device for periodically vibrating in the one 
direction and the opposite direction; and a control 
unit for controlling the electromagnetic drive device. 

26. An electromagnetic coil device used for any one of 
claims 1 to 24 comprising; an electromagnetic coil; 
and an electric power source for supplying an elec- 
tric current to vibrate the electromagnetic coil peri- 
odically in the one direction and the opposite 
direction or a waveform generating device. 

27. An electromagnetic coil device used for any one of 
claims 1 to 24. comprising: an electromagnetic 
drive device for vibrating molten metal periodically 
in the one direction and the opposite direction, the 
electromagnetic drive device having a function of 
raising an electric current to a command value in 
the case of changing a vibrating direction; and an 
electric current control device for controlling the 
electric current 

28. An electromagnetic coil device comprising an elec- 
tromagnetic drive device, a control device for con- 
trolling an electric current, and an electromagnetic 
brake used in any one of claims 1 to 24. 
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29. A cast slab having a negative segregation zone 
composed of a multilayer structure, the pitch of 
which is not more than 2 mm and the number of the 
layers of which is not less than three, a dendrite or 

a crystalline structure zone composed of a deflec- 5 
tion structure of a multilayer. 

30. A cast slab having a negative segregation zone 
composed of a multilayer structure, the pitch of 
which is not more than 2 mm and the number of the 10 
layers of which is not less than three, a dendrite or 

a crystalline structure zone composed of a deflec- 
tion structure of a multilayer, wherein the thickness 
of the negative segregation zone, dendrite or crys- 
talline structure zone is not more than 30 mm. is 

31. A cast slab characterized in that: a corner point (C) 
of a central negative segregation line (m) of a neg- 
ative segregation zone of an average profile of the 
negative segregation zone of a multilayer structure 20 
is determined, or a virtual corner point (C 1 ) extrapo- 
lated from two adjoining sides of a central segrega- 
tion line (m) of an arcuate negative segregation 
zone is determined; and parallel lines are drawn 
from points (E) on two adjoining sides, which are 25 
distant from the corner point to the inside of the cast 
slab by 5 mm, to the two adjoining sides, and a dif- 
ference between shell thickness D-j at a point of 
intersection (F) with the central segregation line (m) 
and shell thickness D 2 at the center in the cast slab 30 
width direction is not more than 3 mm. 

32. A cast slab characterized in that: a corner point of a 
center line of dendrite or a crystalline structure 
zone of deflection structure of a multilayer, which 35 
has an average profile thereof, is determined, or a 
virtual corner point extrapolated from two adjoining 
sides of a center line of the arcuate dendrite or 
crystalline structure zone is determined; and paral- 
lel lines are drawn from points on the two adjoining 40 
sides, which are distant from the corner point to the 
inside of the cast slab by 5 mm, to two adjoining 
sides, and a difference between shell thickness D 1 

at a point of intersection with the central line and 
shell thickness D 2 at the center in the cast slab 45 
width direction is not more than 3 mm. 

33. A cast slab characterized in that: a shape of the 
cast slab is circular; and fluctuation of shell thick- 
ness at a point on a central segregation line (m) of so 
a negative segregation zone of an average profile of 
the negative segregation zone of a multilayer struc- 
ture is not more than 3 mm. 

34. A cast slab characterized in that: a shape of the ss 
cast slab is circular; and fluctuation of shell thick- 
ness at a point of a center line of a dendrite or a 
crystalline structure of an average profile of a den- 



drite structure or a crystalline structure zone of a 
deflection structure of a multilayer is not more than 
3 mm. 

35. A cast slab provided when molten metal is poured 
into a mold and solidified while an electromagnetic 
force is applied to the molten metal by an electro- 
magnetic coil arranged in the proximity of the mold 
according to claim 31 or 33, the cast slab compris- 
ing a negative segregation zone composed of a 
multilayer structure formed in the inner circumferen- 
tial direction of the mold having pitch P defined by 
the following expression (2) in a range of D 0 ± 15 
mm in the thickness direction with respect to solidi- 
fied shell thickness D 0 (mm) at the core center in 
the casting direction determined by solidified shell 
thickness D (mm) defined by the following expres- 
sion (1). 



D = k(L7V) 



n 



0) 



D: 
L: 

V: 
k: 
n: 



Solidified shell thickness 
Length from meniscus to core center of elec- 
tromagnetic coil 
Rate of casting 
Coefficient of solidification 
Constant 



U: 
t: 



P = U x t/2 

Rate of solidification (dD/dt (mm/s)) 
Period of vibration 



(2) 



36. A cast slab according to one of claims 31 to 35, the 
cast slab having an equi-axed crystal ratio of not 
less than 50% on the inside of a negative segrega- 
tion zone composed of a multilayer structure, on the 
inside of a dendrite or a crystalline structure zone 
composed of a multilayer-shaped deflection struc- 
ture. 

37. A cast slab provided when molten metal is poured 
into a mold and solidified white an electromagnetic 
force is given to the molten metal by an electromag- 
netic coil arranged in the proximity of the mold 
according to claim 32 or 34, the cast slab compris- 
ing a dendrite or a crystalline structure zone, the 
growing direction of which is regularly deflected, 
having pitch P defined by the following expression 
(2) in a range of D 0 ± 1 5 mm in the thickness direc- 
tion with respect to solidified shell thickness D 0 
(mm) at the core center in the casting direction 
determined by solidified shell thickness D (mm) 
defined by the following expression (1). 



D = k(L7V) 



n 



(D 



D: Solidified shell thickness 
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L: Length from meniscus to core center of el ec- 

tromagnetic coil 
V: Rate of casting 
k: Coefficient of solidification 
n: Constant 5 

P = U x t/2 (2) 

U : Rate of solidification (dD/dt (mm/s)) 

t: Period of vibration w 
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